Governing equations for oxygen transport
Oxygen transport in the capillary is governed by advection of the blood, oxygen-hemoglogin binding and unbinding, and passive permeation between the blood and the interstitial space. The governing equation for oxygen in the capillary is 
where, ) , (
is the total oxygen concentration in the blood (free plus hemoglobin-bound oxygen), G is blood flow to the tissue in volume per unit time per mass of tissue, ρ is the tissue density in mass per unit volume, L is the length of the capillary, 1 V is the volume of the capillary region, 1 α is the oxygen solubility coefficient in blood, 12 PS is the permeability of the surface area of capillary wall, and 1 P and 2 P are the oxygen partial pressures in blood and interstitial fluid, respectively. The capillary oxygen
C is a function of the distance along the capillary, x, and time, t.
The total oxygen concentration of the capillary region is related to the partial pressure by O,1 1 1 Hb Hb
where Hct is the hematocrit, Hb C is the concentration of oxygen binding sites in red blood cells and 
where 50,Hb P is half the partial pressure of O 2 saturation in hemoglobin and H n is the Hill exponent.
Oxygen transport in the interstitial region is governed by passive permeation of oxygen between the blood and the interstitial fluid and between the interstitial fluid and the myocyte (4) where, O,2 ( , ) C x t is the oxygen concentration in interstitial region, 2 V is the volume of the interstitial region, 23 PS is the permeability surface-area product for passive permeation between interstitium region and the parenchymal cell region, and 3 P is the partial pressure of the oxygen in the cell. In the cellular region, oxygen transport is governed by passive permeation and consumption of oxygen in mitochondria
where O,3 C is the oxygen concentration in the cellular region, 3 V is the volume of the cellular region, MitoCell R is the ratio of mitochondrial volume to total cell volume, and C4 J is the flux through Complex IV in the respiratory chain in units of mass per time per unit mitochondrial volume. The factor of 1/2 in second term on the RHS of Equation (5) accounts for the fact that C4 J in the mitochondrial model (described below) represents the flux of electron pairs through the respiratory chain: one O 2 molecule is consumed for each two pairs of electrons transferred through the system. Equation (5) assumes that mitochondria are uniformly and homogeneously distributed in the cellular space.
Total oxygen in the cell is the sum of free oxygen plus myoglobin-bound oxygen
where Mb C is the myoglobin concentration in the cell and α 3 is the oxygen solubility in the myocyte.
The equilibrium myoglobin saturation Mb S is expressed 3 Mb 3 50,Mb
where 50,Mb P is the half-saturation partial pressure for oxygen-myoglobin binding.
Governing equations for cellular energetics
The differential equations for species other than oxygen are ( )
In the above set of equations, the suscripts "x", "i", and "c", denote mitochondrial matrix, intermembrane space, and cytoplasm, respectively. All of the variables in this set of equations are defined in Table 1.
In addition to the state variables treated in Equations (1), (4), (5) 
where NAD tot , Q tot , cytC tot , and A tot , are the total concentrations of NAD(H), ubiquinol, cytochrome c, and adenine nucleotide in the matrix, respectively, and CR tot is the total creatine plus creatine phosphate concentration in the cytoplasm.
Parameters that appear in the above equations are described in detail below. The fluxes that appear on the right-hand side of the governing equations are tabulated in Table 2 . For mitochondrial species, the governing equations follow from ref. [1] . For cytoplasmic species, the reactions modeled are ATP consumption, creatine kinase reaction, adenylate kinase reaction, and transport between the cytoplasm and the mitochondrial intermembrane space.
Mathematical expressions for mitochondrial fluxes
Flux expressions for the mitochondrial model (based on a previously developed model [1] ) are listed below. Definitions of the variables and parameters that appear in the following expressions are listed in Tables 2 and 3 .
Dehyhdrogenase flux:
( )
Complex I flux:
Where ( )
Complex III flux:
Complex IV flux:
where [O 2 ] = α 3 P 3 is the free oxygen concentration in the cell.
Magnesium binding fluxes: Substrate transport fluxes:
Adenine nucleotide translocase (ANT) flux:
The phosphate-hydrogen co-transporter flux:
where ( )
Mitochondrial adenylate kinase flux:
Proton leak flux:
Potassium-hydrogen ion exchange:
The above expressions for the mitochondrial model fluxes are identical to those presented in ref. 
In Equation (23), K AK is the equilibrium constant for the reaction 2 ADP ATP + AMP , and X AK is the enzyme activity, which is set to a large enough value so that the reaction is effectively maintained in equilibrium.
The creatine kinase flux is modeled using the expression:
where the activity X CK is set to a large enough value so that the equilibrium The parameter values listed in Table 3 are organized into oxygen transport parameters, structure/volume parameters, physicochemical parameters, mitochondrial model parameters, fixed concentration pools, and binding constants.
The oxygen transport parameters, including solubilities, permeabilities, and oxy-hemoglobin and oxymyoglobin binding parameters are obtained from the literature, as indicated in the table. The effective permeability-surface area product for the capillary wall is obtained by converting the mass transfer coefficient reported in ref. [3] and used in ref. [4] to the corresponding PS product. Similarly, the structure/volume parameters are available from experimental estimations published in the literature. The effective capillary length is set to the mean capillary path length for left ventricular tissue reported by Kassab and Fung [5] . The majority of the volume density and water space measurements are obtained from the study of Vinnakota and Bassingthwaighte [2] . Values of the mitochondrial model parameters are estimated and reported in ref. [1] .
Oxidative phosphorylation model parameters have been adjusted to account for modifications from ref.
[1], as indicated in the these changes the full set of mitochondrial model parameters has been refined by repeating the fits to data from isolated mitochondrial function of Beard [1] . The agreement between the data of Bose et al.
[6] and the updated model is equivalent to that reported for the previous version of the model [1] .
All values for concentrations of pooled metabolites are set according to values reported in previous studies, with the exception of the total pool of exchangeable phosphate (TPP), which is estimated below.
Binding constants are obtained from the literature; enzyme activities for reactions maintained near equilibrium are set to arbitrarily high values. 
